
IEEE INTERNET OF THINGS JOURNAL, VOL. 11, NO. 19, 1 OCTOBER 2024 32079

On the Impact of 5G Slicing on an Internet
of Musical Things System

Luca Turchet , Senior Member, IEEE, and Paolo Casari , Senior Member, IEEE

Abstract—Considering the specific Quality-of-Service require-
ments of Internet of Musical Things (IoMusT) deployments,
5G networks are deemed as a key enabling technology to
support IoMusT applications as needed, e.g., in networked music
performance (NMP) settings. Slicing, in particular, is a promising
feature of 5G networks, as it could help dedicate specific resources
to NMP traffic, so as to schedule NMP communications with
higher priority and thus guarantee swift delivery delays and
higher reliability. Moreover, handling NMP traffic via a slice
residing on a geographically closer multiaccess edge computing
(MEC) server would help significantly reduce WAN transit times
for NMP traffic. In this article, we conduct the first tests with
slicing in 5G networks supporting IoMusT applications (to the
best of our knowledge). We conduct our tests by decoupling
WAN transit times from the radio access performance (evaluated
in terms of latency, error rate, number of lost packets, and
maximum length of a packet loss burst). Our results show
that slicing, even when introducing slight extra delays due to
UPF implementation or hardware specifications, is a potentially
excellent choice to save on WAN transit times for NMP traffic
while delivering the same reliability as the operator’s core
network equipment.

Index Terms—5G networks, Internet of Musical Things
(IoMusT), low-latency wireless communications, networked
music performance (NMP) systems, slicing, UR-LLC.

I. INTRODUCTION

NETWORKED music performance (NMP) systems are
hardware and software technologies aiming at enabling

geographically displaced musicians to play together over
wireless and/or wired networks [1], [2]. During the COVID-
19 pandemic, NMP systems received boosted attention and
demand from professional and amateur musicians, who were
prevented from conducting a variety of musical activities in-
presence, from classes to rehearsals and performances [3].

To date, NMP remains a challenging application over wireless
networks. The main reason is that NMP has strict Quality-
of-Service (QoS) requirements that must be guaranteed in
order to ensure realistic collaborative interactions between
musicians over distant locations. Not only must end-to-end audio
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communications occur through the network with low latency
(namely, below 30 ms) but audio transfers must be very reliable.

To ensure high audio quality, packet loss rates must be suffi-
ciently low to prevent musicians from perceiving quality drops
in the signal heard. Typically, the minimization of latency is
prioritized over reducing the bandwidth consumption in NMP
systems. As a consequence, audio compression algorithms
are usually avoided, to prevent them from introducing extra
latency. For the same reason, loss-prone but fast Internet
transport protocols, such as UDP, are preferred.

Relevant examples of NMP systems, either at the com-
mercial or at the experimental level, are Elk LIVE [4],
JackTrip [5], LOLA [6], and fast-music [7]. Initially, the
majority of these technologies consisted of software appli-
cations executable on general-purpose machines. Today, the
most advanced NMP systems leverage dedicated hardware
platforms, specifically designed to minimize analog-to-digital
and digital-to-analog conversions of the audio signals pro-
duced and received by the connected musicians, as well as
audio processing and buffering delays.

All devices that support NMPs are a fundamental component
of the emerging paradigm of the Internet of Musical Things
(IoMusT), an extension of the Internet of Things (IoT) concept
to the musical domain. The IoMusT vision refers to the network
of “Musical Things.” Each Musical Thing is a computing device
embedded in a physical object dedicated to the production
and/or reception of musical content [8]. According to the
IoMusT vision, future musical interfaces will embed intelligence
and communication capabilities. The enabling technologies for
the IoMusT are thus high-performance embedded systems for
audio sampling and processing, along with reliable low-latency
connectivity options.

From the point of view of communications, one of the
expected enablers for the IoMusT is the widespread avail-
ability of fifth-generation cellular networks (5G), the latest
generation of mobile networks standardized by the 3rd
Generation Partnership Project (3GPP) [9], [10]. 5G networks
have been conceived to overcome a number of shortcomings
of previous-generation 4G networks [11]. This includes the
support for higher bandwidth data communications, faster
transmission scheduling via higher numerologies,1 a more

1In the 5G system, the term “numerology” refers to the configuration of
subcarrier spacing (SCS) and, therefore, to the duration of a transmission slot.
For example, numerology µ = 0 refers to a 15-kHz SCS and a slot length
of 1 ms; for higher values of µ, the SCS increases by 2µ and the slot length
decreases by the same factor. For example, numerology µ = 2 implies a
60-kHz SCS and a slot length of 250 µs.
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flexible core network (CN), including virtualized network
functions and edge computing, as well as lower radio access
network (RAN) latency [12]. These features provide the
ideal networking substrate for low-latency and highly reliable
applications such as NMPs [13].

5G is envisioned to support a wide range of services,
each having a diverse set of QoS requirements. Satisfying
such requirements entails a flexible and highly programmable
networking infrastructure, and clear interfaces to allocate
and relieve computing and communication resources. These
objectives are achieved through slicing, a technology that
allows multiple, virtualized, and independent networks to
be instantiated and co-exist on top of a common physical
infrastructure [14], [15].

Network slicing represents a key technology to enable
multiple services with diverse requirements to share infras-
tructure resources. However, to date, the use of slicing in real
IoMusT deployments has been largely overlooked, especially
in combination with edge computing. It remains unclear
whether a slicing-enabled, 3GPP-compliant 5G architecture
offers feasible key performances indicators (such as latency
and reliability) for the IoMusT, and if yes, to what extent.
Furthermore, it is not clear how many concurrent NMPs can
be supported over the same base station, for instance, when the
members of two ensembles play together using two distinct but
simultaneous NMP sessions. The impact of networking and
processing delays in different components of the 5G system
[e.g., the CN and multiaccess edge computing (MEC)] has
been scarcely investigated in the NMP context.

To bridge these gaps, in this article, we investigate and
compare three 5G architectures where up to eight emulated
musicians are connected to the same 5G base station. The
first architecture assumes that the NMP devices, the RAN,
and the CN are co-located. The second that they are co-
located with a MEC server, and the third that the CN and
MEC server are remote, but at different location, with the
MEC being closer to the NMP devices than the CN itself. The
latter represents a typical deployment case for 5G networks,
where MEC servers are deployed closer to users of specific
network and computing functions in order to yield lower access
delay to such functions. All architectures were investigated with
and without slicing as well as with and without concurrent
traffic. In summary, our main contributions in this work are as
follows.

1) We measure the performance of a 5G network in
terms of key performance indicators (KPIs) related to
latency and reliability, when supporting one or two NMP
sessions.

2) We evaluate how 5G performance varies as a function of
the number of IoMusT nodes, with and without slicing,
and in the presence of background traffic.

3) We specifically evaluate the case of two NMP sessions
under a single base station, with and without slicing.

4) We discuss whether measured 5G performance is suf-
ficient to cover the requirements of dense IoMusT
deployments.

While slicing has been already investigated in a number
of scenarios (e.g., unmanned aerial vehicle [16] or health-
care [17]), to the best of the authors’ knowledge, this is the first

study that evaluates slicing in an IoMusT deployment. Existing
studies on 5G deployments to support NMPs leveraging private
or public networks [18], [19], [20] have consistently shown
that not every single feature specified in 5G standards is
available in state-of-the-art 5G-standalone (5G-SA) networks.
This suggests that only features with the most promising
market viability will be implemented as the market require-
ments and implementation pressure increases and motivates
further investments for network updates. As a consequence, the
potential of 5G cellular systems remains largely unexpressed
in musical settings, and a systematic evaluation of the 5G
network performance in realistic IoMusT scenarios remains
an open research question. Although several studies in the
literature investigate networking systems at large in the context
of the IoMusT [21], we identify a gap on the effects of network
slicing in musical use cases. The study in this article sheds
some initial light on these aspects, hoping to trigger further
investigations on optimized architectures to support NMP in
5G networks.

II. RELATED WORK

A. 5G Networks

5G networks may be public or private. Public 5G networks
are intended for use by general citizens (e.g., with millions
of subscribers on a given nationwide network). In contrast,
private 5G networks are installed at the premises of a single
organization, typically within a specific area. An end-to-end
5G network (private or public) is typically composed of three
elements [22].

1) RAN: The network infrastructure that includes radio
base stations and bridges the connection between mobile
radio network devices and the CN.

2) CN: The central part of a network that provides services
to users connected via the access network and conveys
IP packets to external networks such as the Internet.

3) User Equipment (UE): Any device directly used by an
end user to communicate; this includes mobile smart-
phone appliances, communication systems embedded in
low-power edge devices, massive IoT communication
devices, as well as NMP equipment.

Furthermore, the 5G standard promoted by 3GPP has
provisions for the following features.

1) Slicing: The arrangement of a network into a set
of logically separated, self-contained, and independent
networks, each of them dedicated to a different purpose
or services with different QoS requirements.

2) MEC: An architecture that provides cloud computing
capabilities at the edge of the network (i.e., close to
the base station), making it possible to reduce latency,
ensure highly efficient network operations and service
delivery, and improve the customer experience; notably,
by deploying services and caching content at the network
edge, the CN is alleviated of further congestion and it
is possible to serve local purposes in an efficient way.

3) User Plane Function (UPF): A virtual network function
responsible for user packet routing and forwarding,
packet inspections, and QoS handling; the UPF may be
located on the MEC or on the CN.
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Fig. 1. Schematic representation of the components of a 5G architecture for NMPs, with MEC (bottom) and without MEC (top).

Fig. 1 illustrates two 5G architectures, with and without
MEC, that can support an NMP including two musicians.

B. Key Performance Indicators for NMP Systems

The aim of NMP systems is to provide connected musicians
with the same conditions as acoustic/instrumental on-site
performances [2]. Such conditions imply very strict QoS
requirements, which translate in the following KPIs: 1) end-
to-end latency less than 30 ms; 2) low and constant jitter
(i.e., the variation of latency); and 3) high audio quality
(i.e., minimal packet losses in order to avoid noticeable audio
dropouts) [23], [24]. Achieving such KPIs ensures that the
musicians maintain a stable tempo, play synchronously, and
enjoy a satisfactory auditory perception, leading to a high-
quality interaction experience [1, Ch. 3].

The 30-ms latency threshold has been determined experi-
mentally (for a review see [2]), and corresponds to the time
it takes for a sound wave to propagate for about 10 m in
air. Such a distance is typically assumed to be the maximum
displacement tolerable by members of a musical ensemble,
while ensuring a stable interplay in the absence of external
synchronization cues.

Concerning jitter, NMPs require that the latency should not
fluctuate significantly; otherwise, the synchronization among
musicians is negatively affected, and artifacts, such as audio
glitches, are introduced in the audio stream [2]. To compensate
for the varying transmission latency of individual packets,
NMP systems usually comprise a jitter buffer of configurable
size at each receiver: the larger the buffer, the higher the
introduced latency. Once the jitter buffer is set in place, latency
becomes constant. Choosing the size of the jitter buffer is not
a trivial task, which demands careful consideration, and entails
a tradeoff between the gain in audio quality and the longer
latency.

Regarding reliability (i.e., the capability of guaranteeing
successful message transmissions within a defined latency
bound), at the time of writing, there is still no consensus
in the scientific community on a minimum threshold value.
Dürre et al. [18] proposed that potentially realistic packet error
ratios for NMPs range from 10−6 up to 10−4. Nevertheless,

a measure of reliability should not be based solely on the
probability of packet losses, as it also depends on the time span
of packetized audio samples (which depends on the number of
audio samples and the sampling frequency). This consideration
represents a crucial aspect, especially when applying packet
loss concealment methods that aim to reconstruct the missing
signal without introducing additional delays [25], [26], [27],
[28]. In general, the relationship between packet loss, its
distribution over time, and perceived audio quality has not
been fully determined to date. Only a few studies have
focused on such a complex matter [29], [30]. However, there
is consensus that consecutive packet losses cause the most
harmful impact on the perceived audio quality, and need to be
avoided as much as possible. In fact, depending on the length
of the error burst, packet loss concealment methods may fail
to successfully reconstruct the missing audio data.

C. NMPs Over 5G

To date, only a few 5G architectures have been inves-
tigated to support NMPs. Centenaro et al. [10] outlined a
communication architecture for an IoMusT system based on
the 5G framework, introducing two prominent use cases (NMP
and fast access to a server) and introducing a system model.
Some initial experiments involving early 5G hardware have
typically targeted feasibility rather than an in-depth statistical
analysis of the 5G network’s actual latency and reliability
performance for NMP applications (see [31], [32]). In general,
most existing experiments have focused on special-purpose 5G
architectures involving only a few endpoints (two or three),
such as the one reported by Carôt et al. in [33].

More recently, Dürre et al. [18] have performed a long-
term collection of latency and packet error measures for a
simulated NMP over a 5G public infrastructure connecting
two endpoints. Their measurements confirm that maintaining
adequate QoS is a required condition to enable NMP over
cellular 5G in a consistent and flexible way. Along the same
line, our previous study [19] deployed two 5G architectures
involving two musical endpoints: 1) a private 5G standalone
network with edge computing infrastructure and 2) a pre-
commercial public 5G nonstandalone (NSA) network. Latency
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and reliability measurements showed that public cellular 5G
standalone architectures with edge computing support are
required for realistic real-time musical interactions. In 2022,
the 5G festival [34] provided a facility to test musical and
video interactions on a metropolitan scale. The setup included
private 5G networks offering both SA and NSA service,
public 5G-NSA service, and layer-2 metropolitan links with
guaranteed throughput and latency performance. The network
was organized into a 1-hub, 2-spoke architecture and included
a virtual MEC server hosting the 5G common service platform,
as well as remote caching. This remarkable setup shows a
network latency of 30–60 ms, above perceptual thresholds
for remote performers. In a later work [20], we described
a private 5G IoMusT deployment with four endpoints and
analyzed its performance when supporting NMPs, with a focus
on conditions including or not including background wireless
traffic in support of other applications. Results showed that
latency increased with the number of nodes and with the
presence of background traffic, whereas the reliability did not
vary with the complexity of the conditions. To the best of
authors’ knowledge, no study has investigated the use of 5G
slicing in an NMP setting thus far.

III. MATERIALS AND METHODS

In this article, we consider both co-located and remote
deployments. In part, the methodology was inspired by that
reported in our previous study [20], where we measured the
latency and reliability performances of a co-located 5G archi-
tecture supporting NMPs. For the co-located architectures,
we focused on the assessment of the sole wireless link. In
absence of a real deployment using multiple 5G base stations
over a sufficiently broad geographical area, for the remote
architectures, we combined the measurements of the NMP
system conducted on a WAN with those related to the co-
located architectures. Decoupling the measurements on the
RAN from those on the WAN allowed us to transfer the
measurements of the co-located architectures to a realistic,
distributed NMP architecture.

In particular, for the measurements on the WAN,
we leveraged the dedicated communication infras-
tructure interconnecting Italian Universities (GARR:
https://www.garr.it/it/). This selection was made in order to
realistically simulate the behavior of the wired network of a 5G
mobile operator, which is expected to have better performances
compared to the best effort infrastructure of the Internet.

A. Apparatus

Four 5G architectures (illustrated in Fig. 2 for two end-
points and described below) were investigated using 5G radio
and CN equipment. The test environment was arranged in an
indoor space of the ZTE Italia Innovation & Research Center
(ZIRC) located in the city of L’Aquila, Italy. The equipment
considered included a base station installed on the ceiling of
the experiment room, about 3 m away from ten UEs placed
on a table (see Fig. 3).

1) Co-Located CN: This architecture consists of a set of
5G-enabled UEs that interact with the same base station.

Fig. 2. Schematic representation of the four architectures investigated and
the flow of packets between a transmitter and a receiver NMP device.

CN servers implemented TURN functionalities to enable
direct communications between the UEs, and hosted all
core functions including the UPF. Therefore, for this
architecture, the slicing was not enabled.

2) Co-Located MEC: This architecture comprises the same
UEs and base station of the co-located CN architecture,
but we enable slicing and let the MEC server host
the UPF.

3) Remote CN: This architecture compounds the co-located
CN architecture with a dedicated WAN, which simulates
the connection of the base station to a CN server.

4) Remote MEC: This architecture combines a WAN
with dedicated performance with the co-located MEC
architecture. Specifically, we investigated the case of
WAN connecting the base station to the MEC server.

The above arrangement makes it possible to decouple the
performance of the RAN and WAN, and thus to assess the
impact of these two network sections separately. For example,
having to route packetized audio traffic through a WAN will
incur longer transit delays, but will give access to typically
high-end CN servers to host network and computing func-
tions, providing state-of-the-art processing delay. Conversely,
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TABLE I
BANDWIDTH CONSUMPTION FOR BOTH UPLINK AND DOWNLINK (IN MB/S) FOR THE NUMBER OF BOXES IN SESSION 1 (S1) AND SESSION 2 (S2)

Fig. 3. Picture of the simulation environment of the 5G architecture, showing
the base station, the nine CPEs, the eight NMP devices, the eight headphones,
the soundcard, the 13 laptops, and the smartphone.

keeping the traffic local to the closest MEC server reduces the
WAN transit delay, even though MEC servers may not deliver
the same computational power as CN servers. We comment
on these aspects further below.

All the hardware employed in our experiments is commer-
cially available and has not been modified in any ways for the
purposes of this experiment.

1) User Equipment: Our experimental setup involved ten
UEs. Eight were dedicated to the NMP system, acting at
the same time as the sender and receiver of audio signals.
The remaining two UEs were used for the generation and
reception of background traffic. Each of the eight UEs used
for audio transfer consisted of a ZTE MC801A1 customer
premise equipment (CPE, i.e., a 5G/WiFi/Ethernet router)
connected via Ethernet to an audio/network interface device
providing a peer-to-peer NMP system. For this purpose, we
used the Elk LIVE NMP system, where each node consists of
a hardware device running the Elk Audio OS, a low-latency
audio operating system optimized for embedded systems [4].

The musical audio streams were emulated via a dedicated
software coded in the Pure Data real-time audio programming
language. This enabled us to automate the experiment sessions
compared to the involvement of real musicians. The eight
audio signals corresponded to recordings of eight musicians
playing together but recorded separately (namely, two electric

basses, two drums, two keyboards, and two electric guitar
players). Such recordings were played back synchronously via
a dedicated laptop, and routed to a soundcard with eight analog
output channels (RME Fireface UFX II). Using audio cables,
we connected each such output channel to the input of one
NMP device. Each device independently mixed the local input
sound stream with the streams received from the other devices
(one to seven depending on the experimental conditions). The
mixed signal could then be heard from headphones plugged
in each device.

In more detail, each device transforms the incoming analog
audio signals into IP packets when acting as a sender, and
vice versa when acting as a receiver. The device enables deter-
ministic processing times for high-precision packet pacing and
timestamping, logs received IP packet latency and jitter values,
and tracks any losses. Each device in the NMP system was
set to work with a sampling frequency of 48 kHz. All devices
introduced a deterministic delay which amounts to 14.32 ms.
This includes 0.5 ms for analog-to-digital and 0.5 ms for
digital-to-analog conversions; ≈ 1.33 ms for the audio buffer
utilized by the audio host for input and output (i.e., 64 samples
at a sampling rate of 48 kHz); ≈ 10.66 ms for the set jitter
buffer size. This left a latency budget of up to 15.68 ms to
network transit in order to avoid exceeding the total latency
tolerable by musicians (i.e., 30 ms).

The NMP system transmits 2-channel stereo signals. For
each channel, the device produces a protocol data unit (PDU)
comprising 64 audio samples at 16 bits/sample. The UDP
protocol is employed at the transport layer without including
any forward error correction (FEC) or automatic repeat request
(ARQ) scheme to protect the stream. As two audio channels
are involved, and considering timestamping data and the UDP
header length, the total PDU size is 272 bytes, and the packet
transmission rate is one packet every 64/(48 ·103) ≈ 1.33 ms.
Table I summarizes the measured bandwidth consumption for
both the uplink and the downlink, as a function of the number
of devices involved. The NMP system allows for running
multiple sessions where up to five musicians play together.
In the experimental conditions, one and two sessions were
involved. In each session, the audio streams transmitted by a
box are n−1, where n is the number of boxes used, for a total
of n(n− 1) streams.

The background traffic was created using two UEs, one
of which consisted of a laptop and the same CPE as the
other UEs. The second UE consisted of a 5G-enabled ZTE
Axon 10S Pro 5G smartphone. The reference architecture is
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composed of two client–server communications. The laptop
connected to the CPE acted as a receiver for the downlink
traffic generated by a server placed inside the CN or MEC,
depending on the chosen architecture. The smartphone acted as
a sender for the uplink traffic toward a server, also hosted in the
CN or MEC. The UDP traffic was implemented by a server–
client architecture based on the iperf3 software for network
traffic generation and performance tests. It is worth noting that
we used only UDP, which provides a more aggressive form
of contending traffic with respect to, e.g., bandwidth-throttled
TCP streams [20].

2) Radio Access Network: Radio access was provided by a
5G SA base station, comprising an antenna-based device and a
baseband unit (BBU). The antenna-based device (ZTE QCell
R8149) received and transmitted wireless signals (5G NR)
from/to the CPEs. It was configured to operate in the 3GPP
frequency band n78 (from 3.3 to 3.4 GHz), using a bandwidth
of 100 MHz, and time-division duplexing (TDD). The QCell
was connected to a ZTE V9200 BBU via a 1-m optical cable.
The maximum available bandwidth was measured via ZTE’s
proprietary data rate metering software, yielding 1000 Mb/s
in downlink and 270 Mb/s in uplink.

3) 5G Core Network: The CN was located in the same
building as the BBU, about 10 m apart, and connected via
a fiber-optic cable. The CN included eight servers, of which
3 were devoted to computing and network function hosting,
including the UPF. A standard proportional fair scheduler was
used, without any nonstandard priority settings.

4) MEC: The MEC server (ZTE ZXRAN U9003) was
located in the same building as the BBU. The MEC was
connected to the BBU through a 2-m optical cable. The role
of the MEC was to act as a TURN server, and relay the audio
traffic among the NMP devices. In particular, the TURN server
forwards the data flows from one box to the other n−1 boxes
in the session. The MEC encompassed five servers, of which
only one dedicated to the UPF deployment. This configuration
was selected to replicate real-world deployments.

5) Slicing: Activating slicing in our setup has a twofold
effect: on the one hand, the MEC server hosts both the TURN
server and the UPF, network function, making it possible to
avoid having to route all traffic through the CN; on the other
hand, it reserves resources for the audio streams of the UEs
dedicated to the NMP. Specifically, we configured two end-
to-end slices: one was optimized for the NMP, and configured
to guarantee a higher priority in resource scheduling via the
5G QoS Identifier (5QI). The second slice was configured for
non-NMP communications, and thus collected all background
UDP traffic. The slicing setup guarantees resources to the
NMP devices and avoids that external traffic intervenes by
subtracting resources.

In the absence of slicing, both the NMP UEs and the
background traffic generators resided on the same network
slice, and shared resources equally at the same priority level.

6) WAN: As discussed above, the need to route traffic
through the mobile operator’s WAN connection until the
operator’s CN increases the overall end-to-end packet delivery
delays during the NMP sessions. In order to reproduce these
relays realistically while honoring the generally high degree of

reliability of mobile operator WANs, we consider the GARR
network as a use case [35]. The GARR consortium man-
ages high-performance, state-of-the-art connectivity among all
Italian universities, and is part of the broader GEANT pan-
European data network for research and education. Having
endpoints in all major Italian cities and relying on dedicated
fiber-optic links across such cities, the GARR network is an
ideal representative of commercial-grade WAN performance
for our evaluation.

For our setup, we make the following assumption. The
musicians participating to the NMP session are located in
Trento and Padua, in north-eastern Italy. The CN servers are
located in Milan, Italy. The MEC server is assumed to reside
in Padua as well, as a service point for north-eastern Italy as
a whole.

B. Measurement Procedure for the Co-Located Architectures

The experiments carried out were organized into separate
groups with different experimental conditions. Our aim with
these experiments was to evaluate the correct functioning of
the application and the efficiency of the 5G network both under
nonsaturated and saturated conditions, with and without the
use of network slicing.

The experimental setting involved one or two NMP sessions,
obtained by varying the number of boxes from 2 to 8 (see
Table I). This led to a total of 28 settings (7 box configurations
× 2 slicing configurations × 2 traffic configurations). Three
recordings were performed for each configuration. In each
recording, the boxes continuously transmitted audio for 5 min
and 30 s from one endpoint to the other(s), and vice versa.
The logging system of each box measured the performance
of the IP connection by observing packets in windows
of predefined length and focusing on the following four
metrics.

1) Latency: One-way latency in milliseconds, calculated as
the round-trip time (RTT) between two nodes divided
by two (under the assumption that the time of the
outbound and inbound communication was the same);
this measurement included the actual delay introduced
by the network as well as the contribution due to the
jitter buffer (i.e., ≈10.66 ms).

2) Packet Loss Ratio: The ratio between lost and transmit-
ted packets within a given analysis window.

3) Missed Packets: The number of lost packets within the
analysis window.

4) Maximum Number of Consecutive Missed Packets: The
maximum number of consecutively lost packets within
the analysis window.

Following the approach reported in [20], these metrics were
computed on analysis windows of ≈ 2.33 s containing 1750
packets, each carrying 64 audio samples. The first 30 s of
recording were discarded to remove any handshaking and
service setup delays. This led to an analysis of about 225 000
packets for each box (i.e., 5 min) in each of the three
recordings, leading to a total of about 676 000 packets for
each box in each experimental setting. For each of the four
performance metrics, the mean, standard deviation, minimum,
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Fig. 4. Map of north-eastern Italy, showing the three cities of Trento, Padua,
and Milan. (Map courtesy of OpenStreetMap.)

and maximum were computed by merging the log data from
at each box in each experimental setting.

C. Accounting for WAN Transit Delays in Remote
Architectures

To account for WAN transit delays across the cities of
Trento, Milan, and Padua, we performed end-to-end RTT
across endpoints of the GARR network in the three cities
around 12 noon on 13 February 2024, a time of day that
exhibits peak traffic. With reference to the map in Fig. 4, and
using road distances as a rough proxy for network cabling
lengths, we have the following data.

1) Trento←→Padua: 180 km (RTT: 4.55 ms).
2) Trento←→Milan: 220 km (RTT: 7.57 ms).
3) Padua←→Milan: 240 km (RTT: 6.30 ms).

Moreover, as the GARR network is a dedicated infrastructure,
we assume that its contribution to packet losses is negligible
with respect to the 5G RAN.

In order to assess the performance of remote architectures,
we then compound the co-located architecture measurements
with WAN network performance. Starting with the total end-
to-end latency, for the remote-CN architecture, we sum the
radio access latency measurements of the co-located CN
architecture with the time it takes for packets to transit
from Trento to Padua via Milan (on average 13.87 ms).
Conversely, for the remote-MEC architecture, we consider the
flow of traffic to not involve the CN in Milan, but rather
take place through the UPF hosted in the Padua-located MEC
server. Therefore, we consider only the Trento–Padua delay
(on average 4.55 ms). The loss performance of the network
(packet loss ratio, number of missed packets, and maximum
consecutive number of missed packets) is assumed to depend
only on the RAN both in the remote-CN and in the remote-
MEC case.

IV. RESULTS

A. RAN Performance Assessment

The characteristics of the radio link connecting the musical
devices to the 5G base station have been first assessed using
ZTE’s proprietary management system. The following KPIs
of interest were considered:

1) Modulation and Coding Scheme: between 24 and 27 [36,
Table 5.1.3.2-2];

2) Block Error Rate: between 7% and 8%, in accordance
with the 3GPP standard mandating values less than 10%;

3) Resource Blocks: equal to 270, the maximum possible
value for a bandwidth of 100 MHz;

4) Noise and Interference Power: measured equal to
−110/105 dBm, with an interference level on the order
of 5 dBm.

B. Latency and Reliability Metrics

Fig. 5 shows the mean and standard error for the co-located
architectures, by considering each combination of box, slicing,
and traffic setting.

We searched for possible correlations between the four
metrics and the number of audio streams involved (see
Table I). For this purpose, we utilized Pearson’s correlation
test. Regarding latency, for all slicing and traffic conditions,
we identified significant and strong correlations (all at p <

0.001 and with r > 0.8). Concerning the packet error ratio
and missed packets metrics, a significant and medium-strength
correlation with the number of audio streams was found only
in the condition without traffic, for both the slicing and no-
slicing conditions (in each case, the correlation was observed
at p < 0.05 and with r < 0.6). Regarding the maximum num-
ber of consecutive missed packets, no significant correlations
were found with the number of audio streams in any of the
conditions.

Fig. 6 shows the mean and standard error for the co-located
architectures, by considering the slicing and traffic conditions
for all box settings together. This allowed us to analyze and
compare the general behavior of the two architectures.

An analysis of variance (ANOVA) was performed on dif-
ferent linear mixed effect models, one for each of the four
metrics. Specifically, each model had the metric and traffic or
slicing condition as fixed factors, and the NMP device as a
random factor.

For the condition with traffic, a significant main effect was
found for factor architecture (F(1, 37007) = 3524.8, p <

0.001). Moreover, for the condition with slicing, a significant
main effect was found for factor traffic (F(1, 33817) = 1961,
p < 0.001), i.e., competing UDP traffic caused in the co-
located MEC architecture a higher latency compared to when
the traffic was absent. Analogously, for the condition without
slicing, a significant main effect was found for factor traffic
(F(1, 38992) = 8627.7, p < 0.001), i.e., the UDP traffic
caused in the co-located CN architecture a higher latency
compared to when the traffic was absent.

Conversely, no significant main effect was found for any of
the three reliability metrics. This indicates that the packet error
ratio, the missed packets, and the maximum number of con-
secutive missed packets were similar for the co-located MEC
architecture and the co-located CN architecture. Moreover, the
traffic did not have a significant influence on reliability.

Regarding the analysis on latency, for the condition without
competing traffic, a significant main effect was found for factor
slicing (F(1, 35799) = 17019, p < 0.001), i.e., the co-located
MEC architecture lead to higher latencies than the co-located
CN architecture. We remark that this is in accordance to a
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Fig. 5. Mean and standard error for the co-located architectures (by each box number, slicing, and traffic condition).

Fig. 6. Mean and standard error for the co-located architectures (by the
slicing and traffic conditions for all box conditions together).

typical CN versus MEC-hosted network function setup, as
MEC servers can be reasonably expected to provide less
computational resources than CN servers. Therefore, execution

times on MEC servers are slightly larger and cause a globally
larger latency.

The situation becomes starkly different when we consider
WAN transit times for the remote CN and the remote MEC
architectures. According to the data in Section III-C, end-to-
end delays for the remote CN case amount on average to about
13.87 ms, whereas for the remote MEC case they amount
to about 4.55 ms. The difference among the two figures is
9.32 ms. While this figure depends on the relative distance
between the NMP devices and remote CN/MEC servers,
realistic mobile network deployments are likely to offer shorter
transit delays to territorial MEC servers rather than to the
central CN of the mobile network operator. Whenever such
transit times are higher than the extra delay caused by MEC
hosting and processing, it becomes much more convenient to
create a dedicated slice for the NMP devices and refer their
traffic to a UPF instantiated on the closest MEC server.

Finally, we searched for possible correlations between the
latency and the other three measures in all conditions’ results
(grouping the results for all NMP devices in the same condi-
tion). For this purpose, we utilized Pearson’s correlation tests.
For all slicing and traffic conditions, we identified significant
correlations at p < 0.01, but their strength was always weak
(up to r < 0.3).

V. SUMMARY AND DISCUSSION

The objective of our work in this article is to test a realistic
NMP deployment, supported by 5G and slicing. Slicing makes
it possible to isolate the resources allocated to a set of devices
as opposed to sharing all radio resources among all mobile
UEs. To the best of our knowledge, this article is the first to
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provide quantitative results on the effectiveness of slicing in
support of NMPs over 5G deployments. In our setting, the slice
dedicated to non-NMP traffic had a lower priority, causing it
to adapt to the bandwidth left available after serving NMP
traffic. With slicing active, NMP traffic was always served by
the UPF of the MEC server, whereas contending traffic was
directed to the UPF residing in the CN.

To keep the tests significant in the absence of a dedicated
commercial 5G standalone infrastructure supporting slicing,
we focus on a co-located CN and MEC infrastructure for radio
access tests, while considering extra WAN transit delays from
the dedicated GARR infrastructure.

The results of the experiments conducted on the co-
located architectures showed that slicing introduced a small
but statistically significant latency increase compared to the
co-located CN without slicing. This occurred both in the
absence and in the presence of contending UDP traffic. In
terms of reliability, slicing did not significantly improve the
metrics under consideration. This counter-intuitive result can
be explained by the following observations.

Because WAN transit delays are not present in our radio
access performance tests using co-located infrastructure, the
slightly higher latency obtained after activating slicing depends
on the architecture and equipment setup. The MEC server
managing the NMP traffic is not meant to be as powerful as
the CN equipment. Moreover, the UPF running on the MEC
is a slimmer version of the UPF running on the CN, as it is
designed to manage a smaller data plane than the central node,
resulting in slightly but noticeably higher processing delays.

Finally, the data traffic generated by each NMP device
amounts to 11.5 Mb/s, in the most complex conditions (see
also Table I). Therefore, the effects of slicing the NMP traffic
through the UPF hosted on the MEC can be seen mostly in
terms of WAN transit delay reduction rather than reliability
improvements. In fact, the addition of contending UDP traffic
caused the latency to increase both in the presence and in
the absence of slicing, but did not affect reliability metrics
(see Fig. 6). Significantly, latency and reliability results were
found to be uncorrelated irrespective of slicing and contending
traffic conditions. This outcome is in agreement with other
previous studies conducted on NMP systems connected over
5G networks [18], [19], [20] and suggests that these two KPIs
are driven by different root causes.

Moreover, our results show that latency increases with the
number of audio streams involved and with the presence of
background traffic, whereas the reliability did not substantially
vary in the same context. This result is in agreement with the
findings reported in our previous study [20], which considered
a different architecture without slicing. Furthermore, irregular
spikes were found for all latency and reliability metrics, which
can significantly reduce the QoS perceived by the users of
NMP applications. This aspect is also in common with other
studies in [18], [19], [20], and [33].

Taken together, our findings suggest that concepts, such
as MEC and slicing in 5G, have the concrete potential to
become technology enablers for the IoMusT. Nevertheless,
by assessing of the current limitations of slicing-enabled
5G networks in support of NMP sessions, we revealed that

improvements at the hardware and software level are necessary
to reduce latency and improve the reliability of the transmitted
audio streams, especially when a high number of nodes is
involved. This view is also shared with Mohjazi et al. [21],
who foresee the solution of the found issues in the provisions
of 6G. In general, our results are important for the design
of future networks as well as of time-sensitive and mission-
critical applications beyond the musical case, such as the
Metaverse.

VI. CONCLUSION

This article investigated different architectures supporting
NMPs over 5G networks, both with and without slicing. In our
setting, slicing was used to allocate resource exclusively to the
radio links of the NMPs, while at the same time instantiating
the user-plane function on a MEC server, assumed to be
geographically closer to the NMP participants than the CN of
the mobile operator.

Our results show that slicing, even when introducing slight
extra delays due to UPF implementation or hardware specifica-
tions, is a potentially excellent choice to save on WAN transit
times for NMP traffic while delivering the same reliability as
the operator’s CN equipment.

NMPs mandate specific QoS requirements related to
low-latency and high-reliability communications among all
connected musical devices involved. Thus, slicing becomes a
key feature to meet QoS requirements, establish a guaranteed
data rate, confine contending radio traffic to different radio
resources so that they do not interfere with the latency-
and loss-sensitive NMP communications, and in general
upkeep the required QoS level for an effective musical
interaction.

In future work, we plan to investigate the slicing perfor-
mances in a real public 5G SA network. Moreover, we plan
to exploit virtual network functions residing on the MEC in
order to mix audio streams from all musical devices, before
redistributing them back. This has the advantage of saving
bandwidth in the uplink phase, as each NMP device would
need to send only one audio stream to the MEC rather than
multiple audio streams (one for each other device). Finally, we
plan to study the 5G performance at the audio–visual level,
where each musician transmits not only the audio streams but
also the video streams.
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